ABSTRACT: We describe the distribution of phytoplanktonic community composition and biomass from the Western Antarctic Peninsula coast (between 64°and 68°S) using 2 analytical techniques: microscopy and HPLC of photosynthetic pigments. Phytoplankton biomass was estimated as chlorophyll a (chl a) by HPLC and chemotaxonomic quantification of microalgae biomass was performed by multiple regression analysis of pigment concentrations. For the estimation of chl a : diagnostic pigment ratios, it was found of primary importance to differentiate between phytoplankton assemblages within the study area. Three assemblages were differentiated according to their total standing stock and analyzed independently. Phytoplankton biomass was also estimated as carbon (C) concentration by microscopic analysis of cell abundance and biovolumes. Microscopy and chemotaxonomy give a high level of agreement for phytoplankton characterization, showing an on/offshore gradient, with high diatom and cryptophyte biomass in coastal waters, and a mixed assemblage with low biomass in open waters. This gradient was not observed in total cell abundance, indicating that the biomass gradient is controlled by cell size. Microscopy also showed shifts in diatom species throughout the area. C and chl a biomass estimates for the individual microalgae groups were strongly correlated for cryptophytes, chlorophytes and most diatoms, but did poorly for dinoflagellates, prymnesiophytes and chrysophytes. From this study, we conclude that both microscopy and chemotaxonomy can be used to accurately characterize phytoplankton assemblages, but some limitations are present in both techniques. Based on phytoplankton C concentrations, we estimated an average in situ growth rate of 0.28 d -1 . In situ cell C:chl a ratios had high variability (from 40 to 220) and were non-linearly related to sample growth rates. Significant differences were found among average C:chl a ratios of low (<1 µg chl a l -1 ) and high biomass communities (>1 µg chl a l -1 ), with values of 112 and 74 µg C µg -1 chl a, respectively. In addition, our results support the hypothesis that C quotas of diatoms and other microalgae do not differ greatly from each other, as previously believed.
INTRODUCTION
The phytoplanktonic community plays a crucial role in marine ecosystems, affecting the nutrient cycling, the structure and efficiency of the food web and the flux of particles to deep waters (Smith & Sakshaug 1990 , Priddle et al. 1992 . Thus, phytoplankton composition and biomass estimation is of major importance to understanding the structure and dynamics of the ecosystem. Microscopy has been the classical method to study phytoplankton. Microscopic examination of water samples involves the identification and estima-tion of cell abundance and biovolume (Utermöhl 1958 , Booth 1993 , Hillebrand et al. 1999 . Carbon (C) phytoplankton standing stock is calculated from cell biovolume estimates using published values of C per cell volume (Strathmann 1967 , Montagnes et al. 1994 , Menden-Deuer & Lessard 2000 , Montagnes & Franklin 2001 . Although light microscopy allows for species identification, it is a time consuming technique that requires a highly trained observer. Furthermore, this technique could be imprecise for small flagellate quantification which may not survive sample fixation, whose taxonomy is poorly known and whose trophic state cannot be distinguished (Reid 1983 , Hewes et al. 1984 , Booth 1993 .
Alternatively, analysis of water samples by HPLC allows for phytoplankton characterization by chemotaxonomic study of photosynthetic pigments. Total phytoplankton standing stock is estimated as chlorophyll a (chl a) concentration and algae classes are identified from the presence of diagnostic carotenoid pigments. Furthermore, the biomass of each taxon is calculated as a proportion of total chl a using chl a : carotenoid pigment ratios (Wright & Jeffrey 1987 , Wright et al. 1991 , Millie et al. 1993 , Jeffrey et al. 1999 . For this purpose, 2 approaches are mostly used: either each algal class is characterized by its main carotenoid pigment and pigment ratios are estimated using multiple linear regression analysis (Gieskes et al. 1988) , or each class is characterized with a suite of diagnostic pigments and its biomass is estimated from proposed pigment ratios using a pigment matrix factorization method, such as the CHEMTAX program . Since a pigment assigned as marker of one phytoplankton class can be present as a secondary pigment in other algae, the matrix factorization method improves phytoplankton identification. However, this approach is somewhat limited as it requires previous knowledge of taxonomic composition and pigment ratios of the samples under analysis (Jeffrey et al. 1999) . Thus, multiple regression analysis continues to be a widespread technique in field studies (Moline et al. 2000 , Prézelin et al. 2000 , Ross et al. 2000 , Marty et al. 2002 . Chemotaxonomic sample analysis requires only a short time and the results are reproducible; however, its major limitation is that cell pigment ratios change with growth conditions and species composition (Schlüter et al. 2000) , introducing uncertainty in biomass quantification.
Comparisons of microscopic and chemotaxonomic techniques of phytoplankton identification have demonstrated that HPLC pigment analysis is a valuable tool for phytoplankton studies (Buma et al. 1990 , Tester et al. 1995 , Bidigare et al. 1996 , Havens et al. 1999 , Schlüter et al. 2000 , Rodriguez et al. 2002 . However, most of these comparisons were based only on cell abundance, which cannot be considered a measure of phytoplankton biomass. Furthermore, only general characteristics of the phytoplankton community structure have been compared, such as the relative importance of different microalgae classes, or the spatial and seasonal changes of major groups. Few attempts have been made to compare phytoplankton C and chl a measurements by correlation analyses. Therefore, further research is necessary to assert whether microscopic and chemotaxonomic biomass estimates are comparable, and in this way to test the accuracy of chemotaxonomy.
HPLC pigment analysis measures phytoplankton biomass as chl a concentration, which is an estimation of the biomass photosynthetically active for primary production. Other methods that measure chl a concentration, such as chl a remote sensing from satellite or continuous in vivo chl a fluorescence measurements, are very auspicious for phytoplankton study, permitting an intensive spatial documentation of phytoplankton distribution over large areas of the oceans. Although biomass estimates such as C and chl a concentrations can both be used to characterize the phytoplanktonic community, C quantification is essential to calculate phytoplankton growth rates, to study aquatic food webs, and to model the flux of organic matter in marine ecosystems. Thus, to take advantage of the information obtained with these techniques, it has been proposed to convert chl a biomass into C biomass using C:chl a ratios (Smith & Sakshaug 1990 , Geider et al. 1997 ). The analysis of natural phytoplankton assemblages using different techniques is fundamental for the calculation of this ratio, and the comparison of microscopic and HPLC analyses is an excellent opportunity to estimate in situ C:chl a ratios.
The aim of the present study is to assess the usefulness of chemotaxonomy as a tool to estimate phytoplankton composition and biomass. For this purpose, composition and biomass of the phytoplankton community of an area off the Western Antarctic Peninsula (see Fig. 1 ) is described using and comparing microscopy and chemotaxonomy. Our main question is whether these methodologies are comparable and suitable to characterize phytoplankton assemblages. Furthermore, we test the usefulness of the multiple regression approach for chemotaxonomic phytoplankton study under variable environmental conditions. Since our study area is highly variable, includes coastal and continental shelf zones, and is affected by the seasonal advance and retreat of sea ice cover , we could expect pigment ratio changes within the area. Pigment data variability is analyzed in an ecological and oceanographic context. The present research is part of the Palmer Long-Term Ecological Research (LTER) project , which includes phytoplankton surveys from ships and also remote sensing from satellite. Therefore, estimations of C and chl a biomass performed by microscopy and HPLC are used to calculate in situ C:chl a ratios that may be used for phytoplankton quantification from remote sensing data. Finally, a comparison of results is used to review methodological controversies about diatom and other phytoplankter cell C quotas, as well as to assess in situ growth rates.
MATERIALS AND METHODS
Sampling and study area. The study area is located on the continental shelf west of the Antarctic Peninsula, between 64°and 68°S and from the coast to 200 km off-shore (Fig. 1) . Sampling was performed on board the RV 'Polar Duke' between January 8 and February 10, 1996. A total of 58 stations were sampled along 5 cross-shelf transect lines (Waters & Smith 1992) . Conductivity temperature depth (CTD) measurements were obtained using a Sea Bird CTD system (SBE 9/11) and bio-optical physical vertical profiles were made with a Biospherical Instruments MER 2040 system. Discrete water samples were collected at 6 depths within the euphotic layer using 10 l Go-Flow bottles attached to a General Oceanics rosette.
Microscopic analyses. For quantitative microscopic analyses, water aliquots were sampled from the 50% incident photosynthetically active radiation (PAR) depth within the mixed layer and preserved with 2% acid Lugol's iodine solution. Phytoplankton cells were identified and counted with an inverted microscope (Iroscope IS-PH), according to the Utermöhl method (Utermöhl 1958) . Linear cell dimensions were measured using the geometric shapes proposed by Hillebrand et al. (1999) and unidentified phytoflagellates were calculated as spheres or prolate spheroids. The number of cells measured was variable, depending on their abundance in the samples (ranging from 20 to more than 500 cells). Mean biovolume of each genera or phytoplankton group, differentiated also into size fractions (<10, 20, 40, 100 and >100 µm), was calculated from the mean value of their dimensions. Biovolumes were corrected to account for the cell shrinkage due to sample fixation using the formula proposed by Montagnes et al. (1994) . While the effect of sample fixation on cell volume can be variable (Menden-Deuer et al. 2001) , the correction factor measured by Montagnes et al. (1994) can be considered as an average value for a mixed phytoplankton community. Cell C content was calculated using 2 carbon to volume quotas: one for diatoms (Montagnes & Franklin 2001) and one for all other algae groups (Montagnes et al. 1994) . These conversion equations were chosen because they are based on cell volume and abundance measurements made using similar procedures to ours. Sample carbon concentrations (C) were calculated from cell composition, abundance and C content per cell. Additionally, we applied the carbon to biovolume equations of Strathmann (1967) to calculate sample C concentrations (C S ), in order to compare the biomass estimates obtained using different conversion factors.
Chemotaxonomic analyses. For pigment analysis by HPLC, water aliquots were filtered onto Whatman glass fiber filters (GF/F) and frozen at -80°C for at least 24 h. Pigments were extracted with 90% acetone for 24 h and subsequently filtered onto 0.2 µm membrane filters. Samples were injected onto a reverse phase column ; 300 × 3.9 mm, 5 µm) and analyzed according to the method of Wright et al. (1991) with minor modifications. Pigments were detected at 440 nm, and peaks were identified and quantified by comparing their retention times and peak areas with pure pigment standards.
Chl a concentration was taken as an indicator of the total phytoplankton biomass. The carotenoid pigments selected as chemotaxonomic markers of microalgae classes were: fucoxanthin for diatoms, peridinin for di- noflagellates, alloxanthin for cryptophytes, 19'-hexanoyloxyfucoxanthin for prymnesiophytes, 19'-butanoyloxyfucoxanthin for pelagophytes and chl b for chlorophytes. These are the more abundant microalgal classes in the area (Moline et al. 2000 , Prézelin et al. 2000 , Ross et al. 2000 , Rodriguez et al. 2002 . Chl a (dependent variable) and diagnostic pigment data (independent variables) were analyzed by multiple linear regression analyses. The approach used to apply multiple regressions is detailed in the first section of 'Results and discussion'. The significant partial regression coefficients estimated were used as chl a : diagnostic pigment ratios to calculate the biomass of each microalgal group as a proportion of total phytoplankton biomass (Gieskes et al. 1988) . To evaluate the power of the regressions for phytoplankton biomass estimation, simple linear correlations were fitted between measured chl a concentration and the sum of the chl a contributed by all microalgae classes (predicted chl a).
Growth rates. Population growth rates were calculated as C-specific accumulation rate, µ = 1͞t ln[(C 0 + C t )͞C 0 ], where C 0 = sample C content microscopically measured, C t = C fixed during incubation and t = incubation time. Simulated in situ incubations were set up to measure inorganic carbon uptake. Duplicate samples were estimated for each light level by 24 h incubations with 14 C-sodium bicarbonate (see Dierssen et al. 2000 for details on methods). Technical problems prevented the measurement of primary productivity in all samples; hence, data are only for 39 stations.
Data analysis. The depth of the upper mixed layer (UML) was determined from sigma-t (σ t ) vertical profiles, as the depth where a change of σ t > 0.05 over 5 m depth interval occurred.
Chl a biomass concentration of each discrete sample was calculated as the average of the 6 depths taken within the euphotic zone. These values were used to distinguish 3 groups of stations, defined as low, intermediate and high biomass regions (Fig. 1) . Phytoplankton community biomass concentrations estimated as C and as chl a for each station (microscopic and HPLC results, respectively) were compared by simple linear correlations. Tests for differences between means were performed using a paired t-test. The level of significance was set as p < 0.01 for all statistical analyses.
RESULTS AND DISCUSSION

Estimation of phytoplankton biomass from pigment signatures
Exploratory analysis of the chl a spatial distribution showed that the phytoplanktonic community of the study area was highly variable. A gradient in chl a con- responds to all the samples collected along the area, Region data sets correspond to 3 regions differentiated within the area according to their phytoplankton standing stock (see Fig. 1 ), Strata data sets correspond to a further split of the data of each region into an upper and lower water column strata. Also, results of the correlation among measured and predicted chl a concentrations are presented. ns = non significant; ni = not included; chl
19'hex.fucox = 19'hexanoyloxyfucoxanthin centration was found across-shelf, with maximum concentrations in coastal waters (Fig. 1a) . This seems to be a stable pattern for the area, as it was found throughout successive years by Smith et al. (1996) . A multiple linear regression between chl a and diagnostic pigment concentrations showed that chl a distribution was closely related to alloxanthin and fucoxanthin (Table 1; entire data set). Biomass estimation using the partial regression coefficients of this regression indicated that cryptophytes and diatoms accounted for most of the autotrophic biomass of the area (Table 2 ; entire data set). It is considered that if the relationship between measured and predicted chl a is significant and strong, the fitted regression model has high predictive power of phytoplankton biomass (Havens et al. 1999 , Moline et al. 2000 , Prézelin et al. 2000 . Thus, the close correlation that we obtained between measured chl a and the sum of chl a contributed by diatoms and cryptophytes (Table 1 ; entire data set) suggests that phytoplankton was accurately estimated with the fitted multiple regression. However, further examination of predicted chl a concentration for discrete samples denoted model deficiencies. Fig. 2 shows that the regression was influenced by very high chl a values found in a few samples. Furthermore, most of the samples distributed near the origin of the plot fell above the unity line ( Fig. 2 ; inset plot), indicating that they were overestimated. These samples with low biomass represent vast regions within the study area. Thus, it can be concluded that a high correlation between predicted and measured chl a concentration was not demonstrative of the accuracy of the multiple regression equation for phytoplankton prediction.
Examining the distribution of predicted chl a in relation to the unity line, samples were grouped in 3 major clusters ( Fig. 2) : stations with <1 µg chl a l -1 which were overestimated, stations with 1 to 4 µg chl a l -1 which scattered randomly above and below the unity line, and a few stations with > 4 µg chl a l -1 which dominated the regression. Since predicted chl a concentrations are calculated from the contributions of carotenoid pigments, changes in the deviation pattern of predicted from expected chl a concentrations may reflect groups of stations with different pigment composition. Therefore, to improve the multiple regression analysis, we propose as a convenient approach to analyze these 3 groups of stations independently.
Based on the previous results, 3 regions were differentiated within the area according to station average water column chl a concentration: Low biomass, <1 µg chl a l ; and high biomass, > 4 µg chl a l -1 regions (Fig. 1a) . Multiple regressions were fitted to the pigment data subsets of these regions, excluding peridinin from the high biomass region since it was detected at only 2 sampling stations. Relationships among chl a and diagnostic pigment concentrations were significant and high for all regions (Table 1; Table 2 . Concentration of the diagnostic pigments of the individual microalgae classes measured by HPLC, and chl a biomass associated to each pigment calculated applying to different subset of data the pigment ratios of Table 1 . Total chl a concentration was predicted by the sum of chl a contributed by each diagnostic pigments. Values averaged over the study area ± SD was confirmed by the significant and strong correlation found between measured and predicted chl a, and the random distribution of stations around the unity line ( Fig. 3 , Table 1 ). These results show that the limitations detected analyzing the entire data set were overcome. Measured and predicted chl a concentrations for each region are shown in Table 3 . The regression equations showed differences in significant pigments and partial regression coefficients, suggesting the presence of distinct phytoplankton assemblages within the study area (Table 1 ; region data sets). Within the low biomass region, 5 of the 6 pigments analyzed contributed to explain chl a, indicating a mixed phytoplankton community. Within the intermediate biomass region, fucoxanthin, alloxanthin and chl b were the most important pigments, reflecting a high contribution of diatoms, cryptophytes and chlorophytes. Within the high biomass region, fucoxanthin and alloxanthin denoted dominance of diatoms and high contribution of cryptophytes, respectively. Partial regression coefficients of these equations are close to the chl a to diagnostic pigment ratios reported as typical for the different algal classes in cultured assemblages (Gieskes et al. 1988 , Sosik & Mitchell 1991 , Buma et al. 1992 , Schlüter et al. 2000 . Their values vary from 0.7 to 3.95, suggesting that the pigment ratios in the field are an accurate representation of the dominant taxa. In addition, these coefficients are similar to the pigment ratios used previously for phytoplankton biomass estimation in the Western Antarctic Peninsula (Bidigare et al. 1996 , Ross et al. 2000 , Rodriguez et al. 2002 . In contrast, Prézelin et al. (2000) determined a wider range of pigment ratios for the same area (0.1 to 14 chl a : carotenoid), quite distant from those reported from natural or cultured microalgae assemblages. Thus, we consider that the partial regression coefficients estimated in this study are appropriate as pigment ratios, and were used to calculate the biomass of individual algae classes within each region (Table 2 ; region data sets).
Phytoplanktonic community composition predicted in this way is remarkably different from that predicted using the entire data set (Table 2 ). In particular, it was detected that the contribution of many different algal classes had been previously overlooked, and that these algae accounted for up to 80% of the total chl a biomass of some stations. Otherwise biomass of these microalgae was assigned as belonging to diatoms and cryptophytes, resulting in biomass overestimation of these taxa. Phytoplankton characterization of our study area was certainly improved by independent analysis of the different algae assemblages, revealing a diverse phytoplanktonic community within the area. The 3 phytoplankton assemblages had differences in their total standing stock, increasing the evidence that changes in phytoplankton communities biomass are associated with compositional shifts (Claustre 1994 Table 3 . Phytoplankton community standing stock quantified as: chl a concentration measured by HPLC; chl a concentration predicted by multiple regression analyses of pigment data as in Table 2 ; cell abundance measured under the microscope; carbon concentrations (C) measured by microscopy using the cell carbon per volume ratios proposed by Montagnes & Franklin (2001) and Montagnes et al. (1994) for diatoms and other protist phytoplankton, respectively; and carbon concentrations (C S ) measured by microscopy using the cell carbon per volume ratios proposed by Strathmann (1967) . Values ± SD averaged over the entire study area and in 3 regions differentiated as in Table 1 Bidigare . Although the chl a concentrations used can be considered arbitrary, results of the entire data set analysis provided us with a first insight to set chl a limits, which agree with previous studies in the Southern Ocean that reported distinct communities associated with similar chl a ranges (Buma et al. 1992 , Jacques & Panouse 1991 , Villafañe et al. 1995 , Moline et al. 1997 . Analysis of pigment data is only suitable for the quantitative study of the phytoplankton if pigment ratios can be assumed as constant (Gieskes et al. 1988) . Cellular pigment concentration can change in response to environmental factors, biasing the biomass quantification based on fixed pigment ratios (Lami et al. 1992 , Van Leeuwe et al. 1998 , Schlüter et al. 2000 . For example, variations in cell light regime due to mixing of the water column can be important in our area (Smith et al. 1996) and we could expect changes in pigment ratios due to this feature. Further analysis of our data showed a close relationship between total phytoplankton standing stock and mixed layer depth, as found previously for other areas of the Western Antarctic Peninsula (Mitchell & Holm-Hansen 1991) . In consequence, the 3 regions, as discriminated by their chl a concentration, grouped stations with similar water column physical characteristics. The low biomass region had a small density gradient with depth and a deep or not obvious mixed layer (UML > 35 m) (Fig. 4a) . The intermediate biomass region had an evident stratification and a shallower mixed layer depth (UML < 30 m) (Fig. 4b) . The high biomass region had a steep density gradient near the surface and strong water column stratification (Fig. 4c) . The homogeneity of the water column physical structure suggests no variations in the cell light regime within regions, and led us to assume that within each region, algal cells should have been exposed to similar average light conditions. Therefore, the pigment ratios previously estimated for each region should not be expected to vary due to cell light regime.
Changes in cell pigment ratios could also be expected throughout the water column due to light intensity and quality variations with depth. To test this hypothesis, pigment data of each region were divided into an upper and lower water column strata (above and below 50% PAR depth, respectively). Chl a to diagnostic pigment multiple regressions were significant and strong for all subsets of data (Table 1 ; strata data sets). Furthermore, measured and predicted chl a concentrations were closely related (Table 1) and did not evidence model deficiencies, indicating accuracy of the regression equations to predict phytoplankton. While differences in significant pigments and their partial regression coefficients suggest some microalgae shifts and changes in their pigmentation with depth (Table 1) , several of the partial regression coefficients (i.e. those estimated for alloxanthin, chl b and 19'-butanoyloxyfucoxanthin) are far from pigment ratios reported as typical for their respective microalgae classes (Gieskes et al. 1988 , Sosik & Mitchell 1991 , Bidigare et al. 1996 , Schlüter et al. 2000 , and we interpret that their use as pigment ratios may not be valid. An explanation could be that the lower number of samples per group adversely affected regressions. Nevertheless, their use for biomass concentration estimation showed nearly identical average values to the calculated ones regardless of different depth strata (Table 2 ; region and strata data sets). Thus, it can be concluded that pigment changes due to light variation with depth had a minor influence on microalgal biomass estimation of this area, as mentioned before for the same area (Ross et al. 2000) and for algal cultures (Schlüter et al. 2000) .
In summary, we did not find evidence of changes in cell pigment ratios due to light variations in the 3 phytoplankton assemblages differentiated, and this result may be expected in other areas as well since phytoplankton growth is closely associated to local environmental conditions (Smith & Sakshaug 1990) . Thus, when analyzing phytoplanktonic community composition and biomass from pigment signatures, it is of primary importance to differentiate the phytoplankton assemblages present within the area. This is an alternative approach to the use of a suite of regressions to predict the phytoplankton of large areas, delimiting regions according to some environmental conditions considered to influence phytoplankton pigment ratio variability (Gieskes et al. 1988 , Havens et al. 1999 , Prézelin et al. 2000 . According to these results, phytoplankton biomass concentrations reported in the rest of this paper correspond to those estimated from the 3 regions. 
Phytoplankton carbon estimates from microscopy
Microscopic analysis showed that the phytoplankton community of the study area was highly variable in cell abundance and carbon biomass (Table 3) . Small unidentified phytoflagellates (<15 µm) numerically dominated the community, followed by cryptophytes and diatoms (average 302, 100 and 67 × 10 4 cells l -1 , respectively). Diatoms accounted for the highest proportion of autotrophic biomass, and cryptophytes and unidentified phytoflagellates made smaller contributions (Table 4 ). Other groups identified were dinoflagellates, chlorophytes (including prasinophyceae and chlorophyceae), prymnesiophytes and chrysophytes.
A gradient in C concentration was found acrossshelf, with maximum values in restricted coastal regions (Fig. 1b) . The low, intermediate and high biomass regions, as delimited in the previous section, had similar phytoplanktonic cell abundance, but substantial differences in C standing stock (Table 3) . These results indicate that differences in cell size between coastal and offshore assemblages account for the gradient in C concentrations, and highlight the importance of measuring cell volume to account for biomass standing stock.
Nanoplanktonic algae dominated the low biomass region (comprising 80% of total carbon biomass), and were mostly unidentified phytoflagellates, diatoms, dinoflagellates and cryptophytes (Table 4) . Small centric and pennate diatoms (<15 µm) of Thalassiosira spp. and Fragilariopsis curta, F. cylindrus and F. pseudonana represented 67% of diatom carbon. The presence of this assemblage in pelagic waters is described as typical of the entire Southern Ocean (Von Bröckel 1981) .
Nanoplanktonic algae also dominated the intermediate biomass region (comprising 65% of carbon biomass). Diatoms and cryptophytes predominated in the assemblage, and unidentified flagellates and dinoflagellates were also important (Table 4) . Diatom species with higher contribution to diatom C were Odontella weissflogii (18% C), Actinocyclus sp. (9% C), Pseudonitzschia spp. (8% C), Eucampia antarctica (6% C) and Thalassiosira spp. (6% C), and nanoplanktonic species of Thalassiosira spp. (18% C) and Fragilariopsis spp. (12% C). The prymnesiophyte Phaeocystis spp. had low contribution to C biomass, but high cell abundance in some stations (maximum 48 × 10 4 cells l -1
). In contrast, the high biomass region was characterized by dominance of the microphytoplankton size fraction (comprising 86% of C biomass). Diatoms accounted for the major proportion of autotrophic biomass (Table 4) , with Odontella weissflogii, Eucampia antarctica and an unidentified centric species (<100 µm) representing 83% of diatom C. This region encompassed 2 different sites (Fig. 1b) . In Marguerite Bay (in the southeast of the study area), diatoms dominated the phytoplankton assemblage and Phaeocystis spp. made a minor contribution to biomass, but reached up to 27 × 10 4 cells l -1 in some stations. This community was associated with the ice edge which was present in the southern part of Marguerite Bay during the sampling period (Vernet & Baker 1996 11.2 ± 6.1 6.9 ± 7.5 0.3 ± 0.5 9.2 ± 9.2 0.0 ± 0.1 1.1 ± 3.3 18.4 ± 7.8 (µg chl a l 9.73 ± 6.37 0.92 ± 1.23 0 0 0 0 Table 4 . Biomass of the individual microalgal groups estimated as carbon (C) from microscopic examination and as chl a from their diagnostic pigment concentrations measured by HPLC. Phytoflagellates not identified under the microscope were grouped and their carbon biomass is reported. Values ± SD averaged over the entire study area and in 3 regions differentiated as in Fig. 1 area (Vernet 1992 , Moline et al. 1997 , Prézelin et al. 2000 , Rodriguez et al. 2002 .
Comparison of microscopic and chemotaxonomic techniques
Comparison of phytoplankton characterization by microscopy and chemotaxonomy showed high qualitative agreement, revealing considerable variability of phytoplankton structure along an on/offshore gradient. Both methods showed shifts in dominant microalgae groups among the low, intermediate and high biomass regions, indicating compositional changes along the gradient (Table 4) . Microscopy also revealed size-fraction and diatom species shifts. In addition, C and chl a distribution patterns agree, showing a gradual decrease of phytoplankton standing stock seaward (Fig. 1) . However, quantitative comparison of chl a to C concentrations indicated discrepancies among microscopic and chemotaxonomic biomass estimates. Differences were noteworthy for the low biomass region that had a 60% variability in the relationship between C and chl a concentrations (R 2 = 0.40) (Fig. 5a ). Differences were of less importance for the intermediate and high biomass communities, which had a 24% (R 2 = 0.76) and 28% (R 2 = 0.72) variability between both estimates, respectively (Fig. 5b,c) . The variability in these correlations, based on mixed assemblages, is due to differences among biomass estimates of individual microalgal groups, as discussed below.
Diatom C to chl a correlation presented high scatter for the low biomass region (R 2 = 0.20), and low scatter for the intermediate and high biomass regions (R 2 = 0.81 and 0.78, respectively) (Fig. 5d ,e,f, Table 4 ). These results indicated that agreement among microscopy and chemotaxonomy for diatom biomass estimation depends on the community under analysis. Diatom chl a biomass was determined from fucoxanthin concentration, which is an ambiguous marker that is also present in other microalgae (Wright & Jeffrey 1987 , Jeffrey & Vesk 1997 . Thus, contribution of other microalgal classes to fucoxanthin concentration introduces uncertainty in the estimation of the diatom biomass as chl a. The uncertainty is higher in the low biomass region, where the phytoplankton assemblage had a mixed composition, and the proportion of non-diatom fucoxanthin might have been considerable. In contrast, diatoms dominated the intermediate and high biomass communities, probably accounting for most of the fucoxanthin concentration and giving reliable biomass estimates.
Therefore, we hypothesize that sharing of the characteristic pigment was the major source of error in our diatom quantification, but that it was of importance only in 1 phytoplankton assemblage. This limitation might be overcome using a pigment matrix factorization method, such as the CHEMTAX program, which takes into account fucoxanthin crossover among diatoms and other microalgal groups. This is indicated by the results of Schlüter et al. (2000) who used this method to quantify diatom chl a biomass, and found good agreement with microscopic C estimates for a mixed community and a diatom bloom. That study was based on a very accurate estimation of pigment ratios used to initialize the analysis, taking into consideration environmental influence and interspecies changes on pigment ratios (Schlüter et al. 2000) . Field studies in the Southern Ocean show limitations of the matrix factorization method, such as lack of diatom contribution at sites where they were observed under the microscope, or unreliable calculated biomass concentrations at some sites, which was attributed to pigment ratios variability , Rodriguez et al. 2002 .
Cryptophyte C and chl a estimates were closely related for the 3 assemblages analyzed (R 2 = 0.69, 0.98 and 0.98 for low, intermediate and high biomass communities, respectively), suggesting that cryptophyte biomass can be accurately estimated by microscopy and chemotaxonomy (Fig. 5g ,h,i, Table 4 ). Moreover, for all the samples where cryptophyte cells were observed and C concentrations estimated, alloxanthin was detected and cryptomonad-chl a quantified. This high level of agreement can be ascribed to the wellknown taxonomy of the group (Throndsen 1997) and to the fact that alloxanthin is an unequivocal marker pigment of this class (Jeffrey & Vesk 1997) .
Comparison of these results with those of other studies suggests that sample processing is critical for cryptophyte analysis. Sample fixation with acid Lugol's iodine solution and cell quantification according to the Utermöhl (1958) method are highly recommended for phytoflagellate analysis (Throndsen 1978) . These are the methods that we applied, as did Buma et al. (1992) and Rodriguez et al. (2002) , who also found good correspondence between microscopy and chemotaxonomy for cryptophyte quantification. In contrast, studies that used epifluorescence microscopy reported no agreement among methods for this class (Gieskes & Kraay 1983 , Booth et al. 1988 , Jeffrey & Vesk 1997 . We consider that these discrepancies may be a consequence of the sample processing used, since cells may be destroyed during sample filtration for epifluorescence analysis.
Chlorophyte biomass was estimated as chl a, as derived from chl b concentration, and microscopically, Pyramimonas spp. cells were recognized and their C biomass estimated (Table 4) . Correlations among C and chl a estimates were significant and high for the low and intermediate biomass communities (R 2 = 0.66 and 0.69, respectively) (Fig. 5j,k) , suggesting that biomass concentrations were accurately estimated using both techniques. These results also suggest that Pyramimonas spp. accounted for most of chlorophyte biomass in these regions. In a few samples, we estimated chl a biomass associated to this group and no Pyramimonas spp. were observed (Fig. 5j,k) , indicating that probably small chl b-containing cells were present and not recognized under the microscope, as discussed by Buma et al. (1992) . Chl b made a non-significant contribution to the chl a to diagnostic pigments multiple regression of the high biomass region (Table 1) , and consequently, chlorophyte-chl a was calculated as zero. This result led to an underestimation of chlorophytes in this region as this group was identified in this region by microscopy as representing 0.5% of the C biomass (Fig. 5l , Table 4 ). The proportion of the chl b accounted for by the 2 classes of chlorophytes, Prasinophyceae and Chlorophyceae, can be approached from the concentration of prasinoxanthin and lutein, respectively, which are in some cases considered as diagnostic pigments of these 36 Fig. 5 . Biomass of total phytoplankton community and individual microalgal classes estimated as chl a and C concentrations from HPLC pigment data and microscopic measurements, respectively. Regions as in Fig. 1. (a,d,g,j) Low biomass region (n = 29), (b,e,h,k) intermediate biomass region (n = 13) and (c,f,i,l) high biomass region (n = 8). Lines correspond to correlation between biomass estimates. Correlation coefficients are given in the text, p < 0.01 throughout classes (Jeffrey & Vesk 1997) . However, the presence of these pigments is not constant in all members of these classes , Schlüter et al. 2000 ; the concentration of these pigments might vary as an adaptational response to light (Prézelin et al. 2000) and lutein might be present in both classes (Jeffrey & Vesk 1997) . Thus, we preferred to limit the analysis to the division level in order to reduce ambiguities and sources of error. Dinoflagellate C concentrations were estimated microscopically at most stations, whereas chl a biomass based on peridinin concentration was estimated as zero (Table 4 ). This discrepancy can be partially related to overestimation of C concentration due to the presence of heterotrophic dinoflagellates that may have been wrongly identified as autotrophic during microscopic examination (Booth 1993) , or peridininlacking species may have been present (Millie et al. 1993) .
Peridinin, an exclusive marker of these microalgae (Jeffrey & Vesk 1997) , was detected in most samples, confirming the presence of autotrophic representatives. However, it was present in very low concentration (Table 2 ) and made a non-significant contribution to the chl a to diagnostic pigments multiple regression (Table 1) . Problems quantifying dinoflagellates by chemotaxonomy are not restricted to the multiple regression analysis. Rodriguez et al. (2002) used the pigment matrix factorization method to study a nearby northern area of the Western Antarctic Peninsula, during the same year and period as our research, and could not quantify the dinoflagellate biomass. A similar problem was found in equatorial waters by Landry et al. (2000) . Both studies concluded that most dinoflagellates must have been peridinin-lacking species. This explanation is the more likely reason for the high dinoflagellate C biomass quantified in our study (Table 4) , and the low peridinin concentration measured throughout the area. Thus, we conclude that there is major uncertainty associated with the use of peridinin as a chemotaxonomic marker of dinoflagellates.
Prymnesiophyte standing stock was estimated as C in samples in which Phaeocystis spp. cells were recognized and as chl a from 19'-hexanoyloxyfucoxanthin concentration. The biomass estimates by both techniques were not consistent (Table 4 ). In this respect, different problems in both techniques must be considered. First, the diversity of species of this division is high (Buma et al. 1992 , Throndsen 1997 ) and many representatives may have not been recognized microscopically. In addition, biomass estimation by multiple regression is uncertain in as much as 19'-hexanoyloxyfucoxanthin is an equivocal marker of prymnesiophytes (Jeffrey 1997) . Moreover, this pigment made a non-significant contribution to the regression analysis of the intermediate and high biomass communities (Table 1) .
Chrysophyte C and chl a concentrations estimated by microscopy and chemotaxonomy were not consistent (Table 4) . Pigment composition of this division is not well known (Jeffrey & Vesk 1997) , and although the carotenoid 19'-butanoyloxyfucoxanthin is commonly used as a diagnostic pigment of Pelagophyceae, it is not fully ascribed to this taxon (Wright & Jeffrey 1987) . Otherwise, while diversity of species of this division is high (Throndsen 1997) , the only representatives that were recognized under the microscope belonged to Dictyocha spp.
A large quantity of small phytoflagellates (< 20 µm) could not be taxonomically identified microscopically (Table 4 ). According to our previous discussion, these flagellates could belong mostly to chrysophytes and prymnesiophytes, taxa that showed disagreement in the estimation by microscopy and chemotaxonomy, and in lower proportion to chlorophytes and cryptophytes that showed a high level of agreement among C and chl a biomass estimates. In general, light microscopy is considered inaccurate for the study of small forms, in particular phytoflagellates, due to problems in sample processing as well as cell enumeration and sizing (Paerl 1978 , Hewes et al. 1984 , Kuosa 1988 , Booth 1993 , Bidigare et al. 1996 , Schlüter et al. 2000 . However, the good agreement found between the microscopic and pigment analysis for cryptophytes and chlorophytes allows us to state that phytoflagellate cells can be well preserved in iodine Lugol's fixed samples, and their enumeration and sizing can be accurately done using sedimentation chambers and an ordinary light microscope. We consider that the major limitation of microscopic studies is the poor taxonomic knowledge of small phytoflagellates from the Southern Ocean, as well as uncertainty in determining their trophic status using ordinary light microscope or possible cell destruction during sample filtration for epifluorescence analysis. Therefore, chemotaxonomic identification may be a more powerful tool to identify these smaller algae, even when pigment interpretation is also difficult (Jeffrey & Vesk 1997 , Jeffrey et al. 1999 ).
Physiological and ecological considerations
Cell C quotas At present, there is no consensus among different published equations of C quotas per cell used to convert biovolume measurements on cell biomass. We applied Montagnes et al. (1994) and Montagnes & Franklin (2001) conversion factors to calculate the C biomass concentrations (C M ) discussed up to now (see 'Materials and methods'). However, since factors published by Strathmann (1967) are very frequently used in ecological studies, we calculated phytoplankton C concentration for our data using these factors too (C S ). The average C M and C S concentrations calculated for the low biomass regions were similar, but showed great differences for the intermediate and high biomass regions (Table 3 ). For example, average C M concentration was roughly 3 times higher than C S for the high biomass region. This discrepancy reflects the fact that Strathmann (1967) considered diatoms to have large vacuoles and much lower C per cell volume unit than other microalgae; whereas, according to Montagnes et al. (1994) and Montagnes & Franklin (2001) , differences in C quotas are less pronounced. Consequently, for the intermediate and high biomass communities, in which diatoms made a high contribution to the total biomass stock, differences between both C estimations became noticeable (Table 3) .
The comparison of both C estimations with chl a biomass estimated from pigment fingerprints allowed some insight into this topic (Fig. 6a,b) . The C M to chl a relationship was described in the previous section for each of the 3 regions delimited within the area (Fig. 5a,b,c) , but for an easier comparison with C S estimates, one plot for the entire area is shown in Fig. 6b . Both C estimates had high variability with chl a concentration for samples with low C concentration (<100 µg C l -1 ). For example, in the low biomass community, chl a concentrations had a 60% (R 2 = 0.40) and 51% (R 2 = 0.49) variability with C M and C S estimates, respectively. Possible reasons for this result were discussed in the previous section. In contrast, in the intermediate and high biomass communities, chl a concentrations were strongly related to C M estimates (R 2 = 0.81 and 0.78, respectively) and more weakly to C S estimates (R 2 = 0.45 and 0.50, respectively). Therefore, in these communities where diatoms accounted for a major proportion of the phytoplanktonic community our results indicate that biomass was more accurately estimated using the cell C:cell volume ratios published by Montagnes et al. (1994) and Montagnes & Franklin (2001) .
Consequently, our results for a mixed natural phytoplankton community, support the conclusion reached by studies on algae cultures that differences among diatom and other microalgae cell quotas are much smaller than earlier believed (Montagnes et al. 1994 , Menden-Deuer & Lessard 2000 , Montagnes & Franklin 2001 . This implies that phytoplankton C biomass was greatly underestimated in earlier ecological studies that considered a low C quota for diatoms. Nevertheless, it needs to be highlighted that the assessment of the different C quotes by the comparison of C to chl a estimations is subject to inaccuracies inherent to both methodologies used, as was discussed in the previous section. On the other hand, since C quotas change with growth conditions and species composition (Strathmann 1967, Thompson et al. 1992 , Montagnes et al. 1994 , Menden-Deuer & Lessard 2000 , further research on cell C quotas is necessary to calculate more reliable C values for Antarctic phytoplankton.
C:chl a ratios
Biomass estimates presented in the previous sections were used to calculate phytoplankton C:chl a ratios. The range in the estimated C:chl a ratios was high, varying between 42 and 222 g C µg -1 chl a. The average ratio for the entire area was 97.67 µg C µg -1 chl a. These values are within those previously reported for the Antarctic phytoplankton, which range from 20 to more than 500 µg C µg -1 chl a (Smith & Nelson 1985 , Smith & Sakshaug 1990 , Villafañe et al. 1993 .
The 3 regions we delimited within the area showed differences in their C:chl a ratios (Table 5 ). The average ratio was significantly higher for the low biomass community (112.46 µg C µg -1 chl a) than for the intermediate and high biomass communities (72.70 and 77.22 µg C µg -1 chl a, respectively; p < 0.01). The average ratio calculated considering these 2 latter communities together was 74.42 µg C µg -1 chl a. Therefore, we suggest that 2 different C:chl a ratios must be considered for coastal Antarctic phytoplankton, one for low biomass communities (<1 µg chl a l -1 ) and another for high biomass communities (>1 µg chl a l -1 ). Higher ratios in waters with low autotrophic biomass in comparison to waters with high biomass have been reported for other sites of the Southern Ocean as well 38 Fig. 6 . Relationship between chl a phytoplankton biomass estimated from HPLC pigment data and: (a) total phytoplankton community C estimated using Strathmann (1967) cell content:volume equations (C S ); (b) total phytoplankton community C estimated using Montagnes & Franklin (2001) and Montagnes et al. (1994) equations (C M ). Solid lines correspond to correlation between biomass estimates for the entire area. N = 50 and p < 0.01 throughout (Hewes et al. 1990 , Villafañe et al. 1993 , Robins et al. 1995 . However, comparison of our results with those reported from other field studies is difficult due to differences in the techniques used. Previous estimations have been mostly based on C concentrations measured as particulate organic carbon (POC), which may include an unknown quantity of detrital carbon. Even estimations based on microscopic analyses, considered the more accurate method for C biomass quantification (Reid 1983) , are not comparable due to differences in the cell C quotas applied to convert cell biovolume on C biomass, as discussed in the previous section. Previous research in the Western Antarctic Peninsula coast demonstrated a close relationship between chl a concentration of the upper portion of the water column and integrated concentrations with depth, evidencing that chl a remote sensing from satellites is suitable for phytoplankton estimation of this area (Smith et al. 1996) . The C:chl a ratios presented here can be used to interpret chl a remote sensing data and for ecosystem dynamic studies in the Southern Ocean.
Growth rate estimates
Phytoplankton primary production ranged from 4 to 395 µg C l -1 d -1 and C-specific accumulation rates (growth rates) ranged from 0.07 to 0.67 d -1 (Table 5) . These values are within the range reported in a study performed at the same time as ours, in a nearby northern area of the Western Antarctic Peninsula (Lorenzo et al. 2002) . Furthermore, primary production values were associated with differences in C standing stock (Tables 3 & 5) . Noteworthy is that the high biomass community had very low growth rates (0.11 to 0.43), denoting that its high primary production was not the result of high cell activity. This suggests that its high biomass accumulation must have been the result of a previous period of active growth.
Growth rates agreed with the chl a-specific productivity (primary productivity activity:chl a concentration ratio) (Table 5) , which is used as indicator of phytoplankton activity when autotrophic biomass is estimated as chl a. Thus, this result indicates that when C biomass estimates performed microscopically are not available, analysis of phytoplankton dynamics from chl a concentration can yield consistent results. Alternatively, chl a concentration can be converted into C biomass using the proposed C:chl a ratios.
The phytoplankton C:chl a ratios were closely related to growth rates (Fig. 7) , with higher values found for samples with low growth rates. Similar results have been previously reported for algal cultures and related to the dependence of cell pigment concentration on carbon assimilation rate (Sosik & Mitchell 1994 , Geider et al. 1997 ). This implies an increasing chl a concentration per cell with growth rate, as a response to a higher energy requirement. Growth rates are the response of phytoplankton to local environmental conditions (Smith & Sakshaug 1990) and in field studies, differences in C:chl a ratios have been related frequently to the influence of environmental parameters on cell physiology (Smith & Nelson 1985 , Mitchell & Holm-Hansen 1991 , Boyd et al. 1995 .
CONCLUSIONS
The comparison of the microscopic and HPLC pigment techniques allowed us to evaluate several methodological issues. The high agreement we found between microscopy and chemotaxonomy suggests ) based on primary production and C concentration estimated from microscopic biovolume measurements Carbon to chl a ratio Primary productivity Growth rates Chl a-specific productivity (µg C µg -1 chl a) ( µ g C l Table 5 . Phytoplankton characteristics: carbon to chl a ratios; carbon primary productivity, growth rates; and chl a-specific productivity. Values ± SD averaged over the entire study area and in 3 regions differentiated as in Fig. 1 that both methodologies can be used with confidence for the characterization of the phytoplankton community of coastal Antarctic areas. Both methods revealed changes in phytoplankton community composition and biomass along an on/offshore gradient, and they also agreed in the identification and quantification of the dominant groups of different phytoplankton assemblages. Furthermore, the independent examination of each algae class allowed us to go beyond this general comparison and to perform a reliable validation of the results obtained using each technique. The results presented may be helpful to improve the analysis of ecological studies using these techniques and to discern possible sources of error in their results due to methodological limitations. Microscopy revealed changes in cell abundance, cell size and diatom-specific composition within the area, which is highly valuable information for ecological research that cannot be obtained by pigment analysis. Also, we found good results for cryptophyte and chlorophyte microscopic biomass estimation, allowing us to state that flagellates can be properly preserved with Lugol`s iodine and analyzed by light microscopy. However, microscopic analysis failed to identify the composition of other small phytoflagellates, whose taxonomy is poorly known or trophic state cannot be determined. For these groups, chemotaxonomy might certainly be a very valuable tool.
Chemotaxonomic phytoplankton characterization from the pigment data was performed taking into account the ecological and oceanographic context of the area. The multiple regression analyses of pigment concentrations was very useful as an exploratory method, showing major discontinuities in the pigment data, and allowing the recognition of phytoplankton variability within the area and the delimition of different phytoplankton assemblages. We were able to differentiate between the phytoplankton assemblages by their total standing stock, increasing the evidence that changes in phytoplankton communities biomass are associated with compositional shifts.
We propose that to improve the chemotaxonomicpigment data analysis, it is of primary importance to recognize the presence of different phytoplankton assemblages within the area. This conclusion is based on the results of the analysis of some environmental variables which showed that the 3 assemblages distinguished in the area were distributed under homogeneous environmental conditions, and on the microscopic analysis, which showed shifts in the dominant diatoms between these assemblages. Since phytoplankton structure and physiological status are tightly regulated by local water column conditions, it is likely that the distribution of different assemblages within the area would reflect environmental variations. Thus, the independent analysis of different assemblages must contribute to reduce pigment ratios variability due to the environmental conditions and species shifts, which is known to strongly affect the phytoplankton quantification from pigment concentrations.
The high agreement among C and chl a estimates demonstrated a reasonable performance of multiple regression pigment data analysis for phytoplankton characterization, constituting a simple method to quantify the main components of the community. However, certain limitations were found. It was not possible to detect the presence of microalgae groups with minor contribution to autotrophic biomass (less than 1% of C biomass), nor to accurately estimate the biomass of diatoms when other groups with fucoxanthin were an important component of the community. Pigment data analysis using a matrix factorization method, such as the CHEMTAX program, might provide a solution to these 2 problems. However, its application is not straightforward and previous studies in the Southern Ocean have reported deficiencies in quantifying phytoplankton biomass using this method , Rodriguez et al. 2002 , which are similar to that what were found in this study using the pigment multiple regression analysis. Those studies attributed the deficiencies found to problems in the analysis when the same initial pigments are used for a large area. Thus, due to the high environmental variability and the important changes in phytoplankton composition and diatom species present throughout our study area, a different matrix of initial pigment ratios would be necessary for the analysis of each one of the assemblages differentiated within the area. Improvement of the pigment ratio knowledge is certainly required for the correct application of the matrix factorization method in these different assemblages.
Finally, we conclude that further research is needed to assess the correct application of the chemotaxonomical approach to ecological studies of natural phytoplankton assemblages. The multiple regression analysis presented here was an invaluable tool for a comprehensive analysis of pigment data and community structure.
